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Detection of the Rashba Effect in a Two-Dimensional Electron Gas
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The Rashba effect induced by spin-orbit interaction is a key mechanism to realize spin transistors. The Rashba
effect, which is necessary for spin control, is electrically detected by Shubnikov-de Haas oscillation (SdH)
and potentiometric measurement. The node positions of the beat pattern from SdH oscillation make it possible
to obtain 5.93 meV of spin splitting energy and 1.15x10™'"" eV-m of Rashba constant in an inverted het-
erostruture at T=1.8 K. A spin dependent chemical potential shift is also observed in an open circuit poten-
tiometric geometry using ferromagnet electrode. Using a conventional HEMT (High Electron Mobility
Transistor) structure, resistance change above 3 Q is obtained for the potentiometric measurement at T=5 K

and 77 K.
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Spin field effect transistor (spin-FET) is strongly interested
in the field of spin electronics because of high potential per-
formance for high-speed switching and logic device. Several
groups” ™ have shown that the spin-polarized electrons are
transferred in ferromagnet- semiconductor hybrid, all metal,
and metal-insulator-metal systems. A spin-LED using ferro-
magnet and semiconductor heterostructure”™ has also been
developed and spin polarization was detected successfully
via an optical method. Considering broad device applica-
tions, devices with electrical detection such as spin-FET are
more powerful. However, to date electrical spin detection
efficiency is very low and spin transport with simultaneous
gate modulation has yet to be realized.

The main concept of spin-FET'" is that a spin orbit inter-
action in a semiconductor quantum well controls the spins of
the injected carriers. In order to realize a spin-FET spin mod-
ulation by an electric field is necessary. Moving electrons
(k) with a perpendicular electric field (£,) induce an effec-
tive magnetic field (Hrasna) to the y direction as shown in
Fig. 1. This phenomenon is called the Rashba effect and the
induced Hrauha interacts with the magnetic moment of the
electrons and controls the spin direction. Rashba Hamilto-
nian can be expressed as'"”’!

]‘]S{):(X,(G X k) . 2, (1)

where o is the Rashba constant and o are the Pauli matrices.
Even with a zero bias field, an interfacial electric field aris-
ing from asymmetry of the potential well of a two dimen-
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sional electron gas (2-DEG) system produces a Rashba term.
At zero bias, the number of electrons with k, > 0 is the same
as that with ky<0. However for one specific kg, spin sub-
band asymmetry occurs and the value of spin splitting
energy is proportional to gpHrasnv. Note that up is Bohr
magnetron. The spin splitting energy between spin-up and -
down can be expressed as'"’

ASO = Zakp, (2)

where kg is the Fermi wave number and o is the Rashba con-
stant. Note that 4z is a function of carrier concentration. The
Rashba effect causes the spin-up and -down subbands of the
2-DEG to have different conductances. A ferromagnetic
electrode with parallel or antiparallel orientation of induced
magnetic field can measure the spin dependent voltage
shifts™. In this paper, we show two detection methods for the
Rashba effect and numerical values that confirm the spin
controllability in a HEMT (High Electron Mobility Transis-
tor) system.
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Fig. 1. Schematic explanation of the Rashba effect.
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Fig. 2. Density of state in 2DEG for &, >0 (a) [=0, (b) [=+1,.

Figure 2(a) shows the density of state in 2DEG for & > 0
when the bias current is zero”. There are more spin-down
carriers than spin-up carriers. For A, < 0, similarly, the num-
ber of spin-up carriers is larger. The spin splitting energy Aso
is indicated in the diagram. If the current flows into the x
direction, for k>0 the Fermi levels of the spin-up and -
down are unbalanced as shown in Fig. 2(b)™”. The chemical
potentials of both spin-up and -down become higher, but the
chemical potential of the spin-down increases more than the
spin-up chemical potential. Therefore, the Fermi level of the
spin-down is higher than that of the spin-up. If the current is
reversed, the chemical potential of the spin-down decreases
more than the spin-up chemical potential and the Fermi level
of spin-up becomes higher. In the same sense, the opposite
phenomenon occurs when A, < 0.

Figure 3(a) shows the schematic measurement set-up of
Shubnikov-de Haas (SdH) oscillation. In order to define a 15
pm wide 2DEG mesa, ion milling was performed. Fig. 3(b)
explains the origin of SdH oscillation"”. The filled orbital is
expressed as the shaded region. Electron transfer to a lower
Landau level can occur because degeneracy increases as the
magnetic field (B) is raised. For B=B, total energy shows
maximum at Fermi level, but for B=B; total energy level is
minimum. As increasing the magnetic field further, the max-
imum or minimum energy exists alternatively. This phenom-
enon is called the De Haas-van Alphen Effect, and SdH
oscillation is a modified version for the resistance-field rela-
tionship. In other words, the lowest or the highest resistance
corresponds to the maximum or the minimum energy,
respectively, for SAH oscillation. Fig. 3(c) shows the energy
diagram of the inverted heterostructure which is used for
SdH oscillation measurement. In this structure the carrier
supply layer is located below the active layer™'". The dop-
ing concentration of the carrier supply layer is 7 x 10" /cm’.
Ings2Alp4sAs and Ings3GapsrAs cladding layers are potential
barriers to confine the electrons inside the InAs channel. The
thickness of the InAs active layer is only 2 nm so as to
reduce the stress between the active layer and the InP sub-
strate. The thickness of the upper IngsAlyasAs/Ing s3Gag47As
cladding layer is 20 nm/13.5 nm and that of the lower
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Fig. 3. (a) Measurement geometry for Shubnikov-de Haas oscilla-
tion. (b) Explanation of Shubnikov-de Haas oscillation. (c) Energy
diagram of heterostructure.

Iy 53Gag47As/Ing s2Alg 43As cladding layer is 2.5 nm/6 nm. In
this HEMT structure, the quantum well is asymmetric due to
the carrier supplier location and the different thickness of the
cladding layers, and hence an interfacial electric field can
arise even without an external electric field. The carrier con-
centration and the mobility of this InAs 2DEG at 300 K (16
K) are 6.34x10"/cm” (4.60x 10**/cm®) and 5700 cm’/V-s
(34729 cm’/V-s), respectively.

The measurement data of SdH oscillation using the same
geometry as than in Fig. 3(a) is shown in Fig. 4. Major and
minor spins have their own frequencies (f1(1)), which

depend on the carrier concentration (71 1,) as shown in Eq.
[12-14]
(€)

Sin=hn e (3)

When the two different frequency signals are combined,
the beat patterns generate as shown in Fig. 4. Spin splitting
energy can be expressed as'

Ac():?.imz (n1—ny)/m*. )

As shown in Fig. 4, the nodes of the beat pattern are
observed at B=0.88 T and 1.34 T at T = 1.8 K. Using
Egs.(2)-(4) and the node positions, we obtain spin splitting
energy (As) of 5.93 meV and of Rashba constant (o) of
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Fig. 4. Measurement data of Shubnikov-de Haas oscillation.

1.15%10™" eV-m for this inverted heterosturcture. The beat
patterns exist up to 5 K, but node positions are unclear with
increasing temperature. This is attributed to the decrease of
the spin orbit interaction with increasing temperature. Since
the discrete energy level broadens at higher temperature, the
oscillation disappears at T=17 K.

Figure 5(a) shows the measurement geometry for the
potentiometric method in which the current was applied
through the 2DEG and the voltage difference between the
ferromagnet and the 2DEG was measured. In this measure-
ment, an InAs channel quantum well structure™" is used.
The energy diagram of this heterostructure is shown in Fig.
5(b). A 30 A top InAs layer acts as a capping layer prevent-
ing the Aly¢Gay4Sb layer from oxidizing and reducing leak-
age current. A carrier supply layer is located at the center of
the upper AlysGao4Sb layer and the doping concentration is
4 % 10" /em’. A 15 nm-InAs 2DEG is formed between the
two AlosGay4Sb layers. The 20 nm-upper AlpsGao4Sb layer
also acts as a low transmission layer, enhancing spin injec-
tion efficiency. Due to the structure asymmetry, an intrinsic
electric field also arises in this structure. The carrier concen-
tration and the mobility of this InAs 2DEG at 300 K (15 K)
are 1.53x10" /em® (7.37x10" /em®) and 19430 cm’/V-s
(66670 cm’/V-s) respectively. The lateral dimensions of the
ferromagnet (CogoFe (1) is 17 um by 2.4 um and the thick-
ness is 60 nm.

The measured resistance value (R=V/I) in the potentio-
metric geometry of the sample with 800 nm wide and 150
nm long channels at 5 K are presented in Fig. 6(a). In order
to prevent burnt-out due to the electrostatic force and resis-
tive heating, seven channels are connected in parallel'®. In
Fig. 6(a) the ferromagnet (FM) appears to be saturated near
200 Oe in the field sweep up and down directions. The
potential loop is slightly shifted to the left, and this shift may
be due to the asymmetry or complexity of induced anisot-
ropy during the deposition of the ferromagnetic electrode.

+ vV -
2DEG—FM—— 1 | ‘
X
(@)
AlGaSb  InAs [
AlGaSb AISb
FM
2DEG
doping
(b)

Fig. 5. (a) Measurement geometry for potentiometric measurement
(b) Energy diagram of heterosturucture.
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Fig. 6. (a) Results of potentiometric geometry. (b) Density of states
and chemical potential shifts in potentiometric geometry.

Up to 77 K, a similar signal was detected; however the base
line showed greater fluctuation. The potential difference AR
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at 5 Kis about 3.4 Q and this value is nearly unchanged at 77
K. The mechanism of potentiometric geometry is the spin
sub-band difference of up and down chemical potentials in
the 2-DEG by changing the magnetization direction of the
FM. This measurement gives a hysteresis loop-like potential
curve. The origin of spin splitting is as follows. Spin-orbit
coupling of the FM/2-DEG junction can arise from structure
asymmetry in the confining quantum well. This asymmetry
generates an electric field normal to the 2-DEG plane (E,).
The high mobility electrons traveling in the x direction in the
2-DEG experience the electric field (E,) resulting in an effec-
tive magnetic field (Hy). This magnetic field shifts the sub-
bands of up and down spins in the 2-DEG generating in a net
magnetization in the 2-DEG whose orientation depends on
the direction of the bias current. If the current direction is
selected, the major spin can be also determined as shown in
Fig. 6(b). The chemical potential of the FM is aligned with
that of the 2-DEG. When the magnetization of the FM is the
spin-up status, the chemical potential of the FM is aligned
with the spin-down potential of the 2-DEG and the voltage
probe displays a high value. If the FM magnetization is
reversed, the chemical potential of FM is aligned with the
spin-up potential of the 2DEG and the voltage probe dis-
plays a low value. The indicated AV is the same as the
potential difference (I x AR) in Fig. 6(a). While this value,
AV, is not the same as the spin splitting energy (As,), it dose
verify the existence of Rashba effect in this 2DEG structure,

In summary, we utilized two methods, SdH oscillation and
potentiometric measurement, to detect the Rashba effect. In
the results of SdH oscillation, the node positions of the beat
pattern show 5.93 meV spin splitting energy and 1.15x 107"
eV-m Rashba constant in an InAs channel inverted hetero-
structure at T=1.8 K. In potetiometric geometry, a spin
dependent chemical potential shift is detected with a ferro-
magnet electrode. Using a conventional HEMT structure, a
resistance change of 3.4 Q is obtained at T =5 K and 77 K.
Spin splitting without an external magnetic field is an impor-
tant factor to control the spin direction, and thus a channel
with a large Rashba effect should be used for a spin-FET.
Furthermore, in order to develop a spin FET, gate voltage
controlled spin modulation and high spin injection efficiency
are required.
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